and rabbit ( 16, 18 ). The precise mechanisms involved in this secretion remain unknown, although there is evidence suggesting involvement of a specific ionic secretory process. A study of an in vitro preparation of intestine might well be the most suitable for defining effects of agents, such as cholera toxin, on electrolyte transport, and Field et al. (7, 9 ) have shown that this technique is useful for studying the effect of crude cholera enterotoxin.
Soon after the initial successful reports of Field et al. (9), we began studies of the effects of purified cholera enterotoxin-choleragen (10) on electrolyte transport in rabbit ileum in vitro. The results of these studies are reported here.
METHODS
The experimental techniques used have been described in detail (23) and are summarized briefly in the preceding paper (3). The distal ileum of Z-kg male New Zealand rabbits was stripped of its serosal and muscular layers and was mounted between two Lucite half-chambers equipped to measure electrical potential difference (PD) and short-circuit current (Isc) . The mucosal and serosal aspects of the epithelium were bathed with identical solutions maintained at 37 C. with 95 cTci 02-5 % CO 2 and HCO :Jfree solutions with 100 % 0 2 . All solutions had a pH of 7.4-7.5.
Usually, four tissues from the same animal were studied simultaneously.
After mounting, the tissues were shortcircuited, and radioactive isotopes were added to the mucosal and/or serosal bathing solutions. Isotope addition was designated as zero time. Ten minutes later choleragen,' 25 pg in 25 ~1 of distilled water, was added to the mucosal solution (volume 10 or 15 ml) of tissues, and an equal amount of heat-inactivated choleragen (100" C for 15 min) was added to the mucosal solution of the two controls. The "hot side" bathing solution was sampled at zero time, and beginning 15 min after isotope addition, the opposite bathing solution was sampled every 20 min for 135 min. Simultaneous bidirectional Na fluxes were determined with 22Na and 24Na. In separate experiments, unidirectional mucosal-to-serosal and serosal-to-mucosal Cl fluxes were measured on adjacent pieces of intestine with 36C1. An attempt was made to determine HCO 3 fluxes with 14C0 3 as previously described (23), but a net flux of HCO3 could not be detected with this technique so these data are not reported.
The methods of isotope counting were those used previously (23). The I,, was recorded continuously except for a period of approximately 30 set every 20 min during which the spontaneous PD was determined.
A positive PD refers to the orientation of the serosa with respect to the mucosa, and the I,, was arbitrarily assigned the same sign as the PD that it was nullifying. Electrical conductance of the tissue was estimated from the PD and I,,. In the experiments with Ringer solution and Na-free solution, 10 mM theophylline was added to both the mucosal and serosal solutions at 140 min, and the PD and I,, were recorded for another 20 min. The percent change in PD and I,, after theophylline was calculated from the peak values attained compared to the values just prior to addition of theophylline. 
RESULTS
Electrical parameters. The effects of choleragen on the PD, I sc , and conductance of rabbit ileum in Ringer solution in vitro are shown in Fig. 1 . Fifty to sixty minutes after addition of the purified exotoxin to the mucosal bathing solution, the PD and I,, began to increase. At 135 min, the average PD in the treated tissues was 1.5 mv or 46 % greater than in control tissues and I,, was 10 pa/cm2 or 12 % higher. This disproportional increase in PD is reflected in a decrease in tissue conductance of 6.6 mrnho/cm2 (25 %) in the choleragen-treated tissues. Thus, under these conditions, the major effect of choleragen appears to be on PD and conductance rather than on I,, .
The responses of PD and I,, to the addition of 10 mM theophylline at 140 min are reduced in the tissues treated with choleragen.
The peak PD increase was 42 % in the choleragen-treated tissues and was 130 % in the controls. The peak I sc response was a 29 % increase in treated tissues and 127 % increase in controls. Conversely, the percentage decrease in conductance with theophylline was less in the choleragen- parameters, the effect on ionic flux was not seen for 50-60 min after choleragen addition. Choleragen does not alter the serosal-to-mucosal flux of either Na or Cl, but causes a significant depression (P < 0.01) of the mucosal-to-serosal fluxes of these ions. The result is a reversal of the direction of net Na transport from absorption to secretion and the development of significant (P < 0.01) Cl secretion in choleragen-treated tissues. For purposes of comparison hereafter, average fluxes and I,, for the period from 75 to 135 min in choleragen-treated tissues are compared to the same time period in controls. These values for experiments using Ringer solution are shown in Table 1 From these values and the fluxes given in Table  1 , JEet is 1.9 & 0.7 pEq/hr cm2 in controls and 3.4 =t 0.6 pEq/hr cm2 after choleragen; the difference is not statistically significant. Results obtained in HCOS-free solution are summarized in Table 2 . In controls, net Cl flux was essentially zero and net Na flux was higher than in Ringer, but the difference was not statistically significant. These observations do not appear to agree with an earlier series of experiments (3) in which Na absorption was higher in HCOZ-free solution than in Ringer and net Cl secretion was observed in HCOSfree solution.
However, the difference in Na flux between Ringer and HCOS-free solution in the previous series was 0.9 pEq/hr cm2, essentially the same as the value of 0.7 pEq/hr cm2 in the present case. Also, in the present series, there was a clear indication of two populations of rabbits with respect to Cl transport; of the seven animals studied, three showed significant Cl absorption, whereas four secreted Cl under control conditions. Choleragen addition to HCOa-free solution reduced Na transport to nearly zero and caused Cl secretion.
The effect of choleragen on Cl movement was equivalent in the two populations of animals. In animals that showed Cl absorption under control conditions, the toxin reduced net Cl flux to approximately zero, and in animals showing secretion, the toxin stimulated this process. This spread of flux values leads to large standard errors when the data are simply averaged.
However, the paired change in Cl flux given by Jy,',i, -JfJntrol was highly significant, -1.6 zt 0.4 pEq/hr cm2. Choleragen had no effect on Na transport or on the electrical parameters in a solution in which HCO 3 and Cl were replaced by isethionate (Table  3) . In Na-free solution, PD (and Isc) is initially reversed with the mucosa positive relative to the serosa. This reversal gradually disappears with time, as shown for I,, in Fig. 4 qualitatively similar to that in Ringer solution (Fig. 4) . Approximately 60 min after the addition of toxin to the mucosa solution, the PD and I,, begin to increase. At 135 min the mean PD was 0.9 mv higher in treated tissues than in controls and the I sc was 10 pa/cm2 (0.3 pEq/hr cm2) higher. However, there was no difference in Cl flux between the choleragen-treated tissues and controls. Net mucosal-toserosal Cl transport was 0.6 & 0.4 pEq/hr cm2 in both controls and treated tissues (Table  3) . Addition of 10 mM theophylline at the end of the experiment also had an effect similar to that seen in the Ringer solution. Both PD and I,, increase significantly in the controls but minimally in tissues treated with toxin. The increases were transient and 20 min after addition of theophylline there was no difference between treated tissues and controls.
DISCUSSION

Although
some investigators failed to demonstrate an effect of cholera toxin on intestinal electrolyte transport in vitro ( 13, 19), Field et al. (7) have recently shown that this substance causes alterations in ion transport by the rabbit ileum when studied using a technique similar to that employed here. In their studies, cholera exotoxin had several major effects. First, the toxin was effective only when added to the mucosal bathing solution and the effect was delayed, beginning 50-60 min after toxin addition Second, cholera toxin caused an increase in PD and I,, and a decrease in conductance.
The effect on I,, was far greater with in vitro addition of crude toxin (an increase of approximately 120 pa/cm2) than with in vitro addition of purified toxin (20 pa/cm2). In vivo addition of purified toxin (choleragen) or crude toxin with subsequent in vitro study of the tissue resulted in only a small increase in I,, (approximately 20 pa/cm2).
Third, the percent increase in I,, caused by theophylline was much less in tissues pretreated with cholera toxin than in controls.
Fourth, in Ringer solution, both crude cholera toxin and choleragen reduced net Na transport to zero and stimulated significant net serosal-to-mucosal 
Cl transport (secretion).
These effects of cholera toxin on fluxes and electrical parameters are similar to the effects of theophylline or cyclic AMP on rabbit ileum as reported by Field (5). Wh en combined with evidence that cholera toxin stimulates adenyl cyclase (4, 15, 2 l), thereby increasing mucosal cyclic AMP levels, their work gives considerable support to the concept that the intestinal electrolyte secretion of cholera is mediated by the cyclic AMP system (6). Our studies, in general, confirm those of Field et al. (7) with regard to the first three points listed above, but our results differ significantly in the effect of choleragen on ion transport.
We have shown that choleragen resulted in net serosal-to-mucosal Na transport (secretion) as well as net Cl secretion in Ringer solution.
In addition our results suggest that the effect of choleragen on I,, in Ringer solution is minimal.
The predominant effect appears to be on the PD and tissue conductance.
Finally, our studies suggest that the residual flux Jfet = I,, -( Jzet -Jzi,) may have been increased by choleragen.
Although the change in JEet was substantial, from 1.9 to 3.4 pEq/hr cm2, it was not statistically significant in the present series. aspects: 1) they studied choleragen in vitro only after in vivo addition
( 1 pg/ml dose) while we added choleragen directly in vitro at doses of 1.67 and 2.5 pg/ml. 2) Their Ringer solution contained 7.5-10 mM glucose in the serosal solution while ours contained no substrate. Although the route of administration and dose of toxin could account for the difference in the two studies, the presence of serosal glucose could also have an effect. We have recently obtained indications in both the guinea pig (2) and rabbit (unpublished observations) that serosal glucose or mucosal fructose stimulates the net mucosal-to-serosal transport of Na by an apparently electrically silent process. (There is no increase in I,, above control.)
This nonelectrogenic Na transport in the presence of serosal glucose might offset a net serosal-tomucosal Na transport stimulated by cholera toxin resulting in zero net Na movement.
Previous studies in the guinea pig ileum, an epithelium that spontaneously secretes Na and anions, have resulted in compelling evidence that the mechanism of ion secretion in this species is via an electrically neutral Na-anion transport system capable of transporting both NaCl and NaHCO3 (23). As discussed in the preceding paper (3), a similar hypothesis may apply for rabbit ileum, although the evidence is less clear-cut and the situation may be more complex in this tissue. Since these concepts were based, in part, on observations of the effects of various ionic replacements in the bathing solutions, similar experiments were carried out on rabbit ileum in an attempt to understand the mechanism of ion secretion induced by choleragen.
These studies should allow the formulation of the simplest model of electrolyte transport that is consistent with our results and those of others.
The results of our studies can be summarized as follows: I) in Ringer solution, choleragen causes secretion of both Na and Cl, and possibly an increase in JEe, (probably representing HCO 3 secretion).
I sc changed little, whereas con- ductance decreased.
2) In HCO a-free solution, choleragen stimulated Cl secretion but only reduced Na transport to approximately zero. 3) In the absence of Cl and HCO3, choleragen had no effect on Na transport or on the electrical parameters.
4) In Na-free solution, choleragen caused an increase in PD and I,,, but had no effect on Cl transport. Thus, it appears that both Na and transportable anion (Cl and/or HCO ) 3 must be present in the bathing solutions for the manifestion of an effect of choleragen on ion transport. Choleragen had no effect on Na transport unless Cl or HCO3 was present, and no effect on Cl transport unless Na was present. Only transportable anion (Cl and/or HCO3) appears to be necessary for the I,, response to choleragen. (However, the absolute magnitude of the theophyllineinduced increase in I,, in Na-free solution under control conditions was only 20 % of that observed in Ringer solution and Na may be necessary for maximal response.) The simplest model consistent with these observations is one in which the major effect of choleragen is to stimulate an electrically neutral active transport of NaCl and/or NaHCO 3 from serosa to mucosa. In such a model, the transport system responsible for Na absorption would not be affected by cholera toxin, but the magnitude of active mucosal-to-serosal Na transpor t is less than the neutral Naanion transport from serosa to mucosa stimulated bY choleragen.
The active mucosal-to-serosal Na transport would, however, be largely responsible for the PD and I,, through its electrogenic transport as previously discussed (3). In HCOS-free solution, choleragen stimulates Cl secretion but Na secretion was not observed. Such an effect could be explained by the absence of neutral NaHCO3 secretion, since HC03 is not present in the solution. The neutral NaCl secretion stimulated by choleragen would be sufficient only to reduce net Na transport to zero. The magnitudes of changes in net Na and Cl fluxes caused by choleragen in Ringer and in HCOS-free solution appear to be consistent with this view. In Ringer AJ& = J$zleragen -Jgttrol) is -2.5 pEq/hr cm2 and AJor is -1.6 pEq/hr cm2, whereas in HCOS-free solution AJNa = 1.5 pEq/hr cm2 and AJel = -1.6 pEq/hr cm2. The fact that the increments in Na and Cl movements caused by choleragen in HCOS-free solution are equal is quite con sisten t with the concep t of a stimulation of a neutral secretion of NaCl. A quantitatively similar stimulation of NaCl secretion appears to occur in Ringer solution, and our model would suggest that the extra increment in Na flux is due to neutral secretion of NaHCO3 under these conditions. This suggestion is similar to that made by Norris et al. ( 18) Field et al. (7) . These observations suggest at first sight that the toxin acts by inhibiting absorptive processes rather than by stimulating secretory ones. However, in intestine, unidirectional fluxes can reflect several processes including a significant extracellular shunt pathway ( lZ), and changes in them are not easy to interpret unequivocally.
The changes in unidirectional fluxes could be explained in terms of our model if we postulate that the conductance change observed with choleragen is due mainly to increased resistance through the extracellular shunt pathway. Such a change would affect the passive component of mucosal-to-serosal and serosal-to-mucosal fluxes equally, lowering both by the same amount. Thus, fluxes that remain at control levels (the serosal to mucosal Na and Cl fluxes), despite the conductance change, would actually be stimulated, and the decrease in mucosal-to-serosal fluxes would be due solely to the conductance change. This argument appears to be supported by the experiments in which Cl fluxes were measured in HCOa-free solution.
For an unknown reason, choleragen caused virtually no conductance change in these tissues. In this case, there was no change in mucosal-to-serosal Cl flux, and the stimulation of Cl secretion could be accounted for entirely by an increase in serosal-to-mucosal flux (Table  2) . However, other factors may also contribute to the choleragen-induced decrease in mucosal-to-serosal Na flux. Frizzell et al. (11) have demonstrated that both cyclic AMP and theophylline inhibit Na influx across the brush border of rabbit ileum, and Parkinson et al. (2 1) have reported that cholera toxin inhibits Na-K-ATPase activity in rabbit intestine. We have no data bearing on the question whether these events are taking place in the villi, the crypts, or in both regions of the mucosa. Within the context of these concepts, an inhibitory effect of cholera toxin on active Na absorption need not be postulated. These suggestions allow a ready explanation for certain observations by other investigators.
First, in the natural disease (1) or in studies with cholera toxin ( I 7, 27) , there is an increase in blood-to-lumen Na flux, with no change or a small decrease in lumen-to-blood Na flux. These findings do not suggest a marked inhibition of active Na absorption. In addition, the mechanism of glucose-stimulated Na absorption appears to be intact in cholera ( 14, 22, 24) and cholera toxin-treated intestine (7, 17). Since there is no evidence that glucose-stimulated Na absorption occurs via a separate Na transport mechanism, these findings are difficult to reconcile with the suggestion that choleragen inhibits the mechanism for Na extrusion from the cells, but they are entirely consistent with the above suggestions. It is necessary, however, to consider these points in terms of the recent observation of Frizzell et al. (11) that CAMP and theophylline inhibit a coupled influx of Na and Cl across the brush border of rabbit ileum. If the influx process is involved in the overall transmural transport of Na and Cl and if cholera toxin also inhibits the process, a decrease in net absorption of NaCl should occur. Such an effect could unmask a secretory system and lead to a net secretion of Na and Cl. Since the relationship of this influx process to transmural transport is still unclear, the question of whether or not its inhibition could account for all the observed effects of cholera toxin is difficult to evaluate. Inhibition of such a system could clearly contribute to such effects as a reduction in unidirectional mucosal-to-serosal fluxes and a decreased ability of the intestine to absorb fluid and electrolytes. 
